We used functional magnetic resonance (fMRI) to by both uncertainty and arousal. Our findings highlight measure brain activity in healthy subjects performing a distinct contributions of cognitive uncertainty and autwo-choice decision-making task, during which subtonomic arousal to anticipatory neural activity in prejects responded to repeated trials of visually presented frontal cortex.
Introduction period followed this decision and was followed by presentation of a feedback card that indicated whether the Adaptive behavior requires an ability to make advantapreceding decision had been correct (with monetary geous decisions by predicting the likelihood of future gain) or incorrect (monetary loss). Note that in this parasuccess based upon previous experience. Lesions to digm, each decision varied with respect to its associated such brain regions as ventral and medial prefrontal cordegree of outcome uncertainty. Thus, if the face value tex as well as anterior medial temporal lobes can result of the cue card was 1, subjects could predict with cerin disturbed social and emotional behavior, which is tainty that the feedback card would be higher. Similarly, associated with abnormalities in strategic decisionif the face value of the cue card was 10, the subject making (Eslinger and Damasio, 1985; Damasio et al., could predict with certainty that the ensuing feedback 1990; Shallice and Burgess 1991; Bechara et al., 1997; card would be lower. By contrast, high uncertainty was Adolphs et al., 1998). Characteristically, individuals with associated with presentation of cue card face values of ventromedial/orbitofrontal lesions fail to adapt their re-5 and 6, where predictions of the feedback card being sponses to new reinforcement contingencies and show (respectively) higher or lower were associated with a behavioral perseveration (Rolls et al., 1994) . When given 44% likelihood of being wrong and a subsequent financial loss (Table 1) . Using this paradigm, we were able to measure brain activity that incorporated anticipation § To whom correspondence should be addressed (e-mail: h.critchley@ fil.ion.ucl.ac.uk).
of outcome (a component of activity during delay epoch Schematic shows two trials of the experimental task. On repeated trials, stimuli were visually presented to subjects as follows: (a) a cue for the trial (presentation of word NEW); (b) presentation of a cue card, to which the subject responded with a two-choice button press as to whether the next card would be higher or lower; (c) an 8.5 s anticipatory delay period before feedback; (d) feedback card indicating to subjects if their decision was right or wrong, associated with financial gain or loss; (e) intertrial interval. The data analyses explored brain activity during the delay period, and its modulation by uncertainty and arousal. Uncertainty (risk) of the decision was a function of the face value of the cue card (Table 1) . Arousal was determined from mean (normalized) skin conductance over the 4 s period (f) prior to feedback. Thus Trial A is associated with no risk as face value of the feedback card must be lower than a 10. Trial B is associated with 33% chance of the feedback card being lower than a 4.
that also included nonspecific effects such as attention) cortex, lateral and anterior temporal lobe, and right dorsolateral prefrontal cortex and inferior parietal lobe. The and, more critically, the modulation of anticipatory activity by uncertainty and autonomic arousal (GSR). most significant effect was seen bilaterally in inferior prefrontal regions, including orbitofrontal cortex, extending posteriorly and superiorly into anterior insula, Results and inferior frontal gyrus (peaks of inferior/orbital prefrontal activity: right side, coordinates, 42, 34, Ϫ14, Z Task Performance score ϭ 7.7, p Ͻ 0.05, corrected; left side, coordinates Subjects, debriefed after scanning, reported that they Ϫ54, 20, 10, Z score ϭ 7.28, p Ͻ 0.05, corrected) (Table aimed to maximize monetary gain by achieving maxi-2; Figure 2 ). Note that this delay period activity reflects, mum correct responses, and quickly deduced that the in addition to reward anticipation, a number of cognitive face values of the cue cards reflected the chance of processes that include contributions from working winning or losing money. Thus, few responses were memory for the cue card and response, vigilance for and made to the less likely of the two response selections anticipation of the ensuing feedback card, cumulative of the cue card. Consistent with this probabilistic pattern assessment of task progress, and non-specific eye of decision making, subjects made on average 23.6 inmovements. The questions of interest in this study, howcorrect decisions over the 100 trials (optimal perforever, pertained to the modulation of delay period activity mance would predict errors in 20 of 100 trials).
by uncertainty and arousal. Main Effects of Delay Period (Anticipatory Epoch) The 8.5 s delay period between cue card decision and Modulation of Delay Period Activity presentation of feedback was associated with wideby Uncertainty (Risk) spread bilateral activity in ventral and medial prefrontal To determine the influence of uncertainty, we tested for a parametric modulation of activity during the delay epoch by the degree of uncertainty associated with the (Figure 4 ; Table 2 ). rected) (Figure 3 ; Table 2 ).
Modulation of Delay Period Activity by Both Uncertainty and Arousal Modulation of Delay Period Activity by Arousal
We next examined regional activity during the delay To determine regions that were conjointly activated in each subject by uncertainty and arousal in the period epoch for a parametric modulation as a function of the Table 2 ).
Discussion Brain Regions Mediating Interactions between Uncertainty and Arousal
This study addressed the functional neuroanatomy of outcome anticipation by examining brain activity before In a final analysis, we tested for regional activity reflecting interactions between uncertainty and arousal to outcome feedback in a reward-related decision task. Table 1 ). Different symbols denote responses in the different subjects. . In our study, activity in dorsolateral we show that orbitofrontal cortex activity increases with increasing outcome uncertainty. Thus, our findings proprefrontal cortex corresponded with the level of physiological arousal rather than more cognitive attributes of vide evidence implicating human orbitofrontal cortex in representation of outcome expectancy, where outcome the experimental trials (i.e., degree of risk associated with the prior decision). In our view, it is likely that the is a proxy for reward. Moreover, maintenance of riskrelated information within orbitofrontal cortex prior to magnitude of expected reward will be closely related to the degree of bodily arousal. Recent evidence also outcome may provide the necessary context for rewardrelated learning prospectively to bias future behavior.
suggests that activity in dorsolateral prefrontal cortex during delay in a spatial working memory task may reAlthough we observed modulation of lateral orbitofrontal cortex by outcome uncertainty, human lesion flect attentional selection (Miller, 1999) such regions as anterior cingulate were masked from would be followed by a higher feedback card) (Table 1) movement and allow functional data sets to be entered into group followed by a 1 s presentation of a playing card (the cue card).
analyses. All functional volumes, independent of session or paraSubjects were required to indicate by an immediate button press digm, were realigned to the first volume acquired using rigid-body response if they thought the next card would be higher or lower registration (Friston et al., 1995a) and a mean realigned volume than the cue card. There then followed a delay period (8.5 s) before created. Sessions containing obvious movement artifacts were disa second playing card (feedback card) was presented for 1 s; this carded at this stage. The subject's T1-weighted structural scan was card provided feedback about the earlier decision. Correct decicoregistered to the mean functional volume; the mean volume was sions were associated with monetary gain, and incorrect decisions used to determine the parameters applied to all volumes during with monetary loss for the subject (Figure 1) . The next trial began spatial normalization and resampling (Ashburner et al., 1997; Ash-8 s after presentation of the feedback card. Subjects were presented burner and Friston, 1999) to a standard template. As the volume of with a total of 100 trials. We used a long delay period to limit the brain sampled in each study was affected by the position of the extent to which GSR responses to the cue stimulus/decision would subject within the scanner's field of view, we found that the extreme confound the measured anticipatory arousal prior to feedback. Simisuperior and inferior portions of the subject's brain were sparsely larly, a long intertrial interval was used to allow GSR to approach sampled. To address this, voxels not sampled in every session were baseline before the start of each trial. Each subject received the eliminated during normalization. All functional volumes were then same randomized stimulus presentation, with ten presentations of smoothed with an 8-mm FWHM Gaussian kernel. Global changes each cue card over the course of the experiment. Feedback cards in fMRI response from scan to scan were removed by proportionally were pseudorandomized with the constraints that in any trial the scaling each scan to have a common global mean voxel value. feedback card was always higher or lower than the cue card, and that the probability of the cue card being higher or lower approxiStatistical Analysis mated to the true likelihood for a random set. If the face value of Data were analyzed using SPM99 employing the general linear model, where statistical inferences were based on the theory of the cue card was 1 or 10, the subject would know the correct random Gaussian fields (Friston et al., 1995a (Friston et al., , 1995b (Friston et al., , 1995c 
